A diode-pumped passively continuous-wave mode-locked Nd:La x Gd 1−x 3 Ga 5 O 12 (Nd:LaGGG) laser at 1062.4 nm with a semiconductor saturable absorber mirror was demonstrated for the first time, to the best of our knowledge. Pulses with duration of 12.78 ps were produced at a repetition rate of 59.8 MHz. A maximum average mode-locked output power of 3.18 W was obtained at the absorbed pumped power of 10.12 W, corresponding to a slope efficiency of 35.7% and a peak power of 4.2 kW. As far as we know, this is the highest power obtained in the passively mode-locking operation with Nd 3 -doped disordered garnet crystals.
Introduction
Up to now, considerable attention has been devoted to searching for novel high-quality laser crystals and optimizing the properties of current ones. Because of the good mechanical, thermal, and optical properties, Nd 3 -doped disordered garnet crystals have been verified as an excellent gain medium for applications where high-power lasers are needed. In recent years, many reports about continuous-wave (CW) and passively Q-switched lasers with Nd 3 -doped disordered garnet crystal have proved their excellent power performance [1] [2] [3] [4] [5] . For instance, Zhi et al. have demonstrated a CW and passively Q-switched Nd:GAGG laser at 1062 nm, with a CW output power of 5.7 W and Q-switched output power of 1.12 W [4] . However, so far, there are no reports about watt-level modelocking lasers with Nd 3 -doped disordered garnet crystal.
As a typical Nd 3 -doped disordered garnet crystal, Nd:GGG has been proved to be an excellent gain medium for its advantages, including easy to get larger size (no core growth), with higher Nd 3 -ions concentration (greater than 4 at. %), and wider phase homogeneity with a high pulling rate (up to 5 mm/h). Based on the Nd:GGG crystal, the Nd:LaGGG crystal with Nd 3 and La 3 has been grown by the Cz method [6] . Due to the concentration quenching effect and increased thermal effects at high doping in a Nd 3 -doping crystal, the Nd:LaGGG crystal was grown with 1 at. % Nd 3 and 1.6 at. % La 3 . Compared to the Nd:GGG crystal, the Nd:LaGGG crystal has a lower melting temperature and a higher Nd 3 segregation coefficient owing to the larger radius of La 3 ions (106.1 pm) than that of Gd 3 ions (93.8 pm) [7] , which would benefit the crystal growth. As Fu et al. have previously reported, the excited state fluorescence lifetime of Nd:LaGGG (243 μs) was longer than that of Nd:GGG(180 μs), which indicated that the Nd:LaGGG crystal could have a better capacity of power storage than that of Nd:GGG [6, 8] . Furthermore, the Nd:LaGGG crystal possess wider inhomogeneous broadened spectra than that of Nd:GGG crystal because of multicenter distribution of Nd 3 ions and more complex structure of the host material, which make it suitable for mode-locking operation. Moreover, Nd:LaGGG crystal has a good thermal performance with room-temperature thermal conductivity of 4.76 W/m/K, which is comparable 1559-128X/15/082118-05$15.00/0 © 2015 Optical Society of America to that of Nd:GGG (9 W/m/K). For Nd:LaGGG crystals, the crystal growth, the thermal and spectral properties, as well as the laser performance have been investigated in 2012 [6] . Yang et al. have recently demonstrated passively Q-switched laser properties of Nd:LaGGG crystal at 1062 nm [9] . However, to the best of our knowledge, no work on a modelocked laser of Nd:LaGGG has been reported yet.
In this paper, we demonstrate the characteristics of a continuous-wave mode-locked (CWML) Nd:LaGGG laser with a semiconductor saturable absorber mirror (SESAM) for the first time, to the best of our knowledge. The maximum CWML output power was 3.18 W, giving an optical-to-optical conversion efficiency of 33.2% and a slope efficiency of 35.7%. So far, to the best of our knowledge, this is the highest power obtained in the passively modelocking operation with Nd 3 -doped disordered garnet crystals. The minimum mode-locking pulse width was as short as 12.78 ps at a central wavelength of 1062.4 nm, with the repetition rate of 59.8 MHz. In similar setups with some excellent crystals such as Nd:YVO 4 , high output powers and peak powers can be achieved.
Experimental Setup
The mode-locked laser setup is illustrated in Fig. 1 . The pump source was a fiber-coupled 808 nm laser diode with a core diameter of 400 μm and a numerical aperture of 0.22. With a 1.8∶1.0 focusing optical system, the pump beam was focused into a Nd:LaGGG crystal with a radius of about 110 μm. The laser beam inside the gain medium with the ABCD matrix equation calculated was 117 μm in radius, which was efficiently matched with the pump laser beam. The Nd:LaGGG crystal, whose Nd-and La-doping concentration was 1.0 and 1.6 at. % respectively, was cut along the h111i direction with dimensions of 4 mm × 4 mm × 5.8 mm. The crystal was not coated on both of the facets and the absorption efficiency was measured to be about 87%. To efficiently remove the heat, the crystal was wrapped with indium foil and mounted in a water-cooled copper holder, keeping at the temperature of 19°C To improve the stability of the mode-locking operation, the crystal was placed with a small incidence angle with respect to the cavity axis to suppress the etalon effect [10] . Due to the population grating and gain flattening induced by the strong spatial hole burning [11, 12] , placing the gain medium at one end of the standing cavity would in-homogeneously broaden the emission bandwidth, and making this effect result in a shorter pulse generation. However, during the actual experiment operation, due to the limit of the laser device, we set that distance as short as 1 mm.
The laser cavity consisted of four mirrors and a SESAM. Mirrors M1 (R 1 m), M2 (R 0.8 m), and M4 (R 0.1 m) were all high-reflection coated around 1.06 μm and had high transmission at 808 nm. A Z-shaped cavity was used in the experiment with a total length of 2514 mm. A flat output coupler (M3) with a transmission of 5% at 1.06 μm was added between M2 and M4. And as M3 was not an end mirror, two laser beams were transmitted through it. This setting made the actual output coupling rate of the cavity to be 10%. A piece of commercial SESAM with a modulation depth of 0.6% was employed to start and sustain the mode locking of the laser. The laser mode was focused with M4 onto SESAM with a radius of 25 μm both in the sagittal plane and the tangential plane. The pulse trains were recorded by a digital oscilloscope (1 GHz bandwidth, 5 Gs/s sampling rate, Tektronics DPO 7104) and an InGaAs fast photo-detector (New focus 1611, 1 GHz bandwidth). The output power recorded by a power meter (Coherent Inc. FieldMaxII-TO) and the optical spectrum was measured using an optical spectrum analyzer (Yokogawa, AQ6370C). It should be mentioned that no dispersion compensation device was used in the laser system.
Results and Discussion
To optimize the cavity design under high-pumppower levels, CW operation of a Nd:LaGGG laser was first performed by replacing the SESAM with a plane mirror of high reflection at 1.06 μm. As shown in Fig. 2 , the CW laser operation had a pump threshold of 470 mW, and the average output power increased linearly with the absorbed pump power. The maximum output power of 3.82 W was achieved under 11.5 W absorbed pump power, giving a slope efficiency of 38.1%. With the SESAM employed in the cavity, stable passive mode locking was obtained. Figure 2 shows the dependence of the output power versus the absorbed pump power. Like conventional diodepumped solid-state lasers mode-locked with SESAM, the laser clearly showed three regimes: CW, Q-switched mode-locking (QML), and CWML. Near the threshold with the absorbed pump power of 970 mW, the laser operated in the CW regime. When the absorbed pump power increased to 2.2 W, by aligning the cavity carefully, the laser turned into a metastable Q-switched mode-locked regime. Under the absorbed pump power ranging from 4.97 to 10.12 W, a stable CWML operation was achieved due to the stronger saturation of SESAM, corresponding to the average output powers of 1.23 to 3.18 W. So far, to the best of our knowledge, this is the highest power obtained in the passively modelocking operation with Nd 3 -doped disordered crystals like Nd:GGG [13, 14] , Nd:GAGG [15, 16] , Nd:
LGGG [17] [18] [19] , Nd:CNGG [20] , and Nd:CLNGG [21] . Beyond the absorbed pump power of 10.12 W, the average output power still increased, whereas the output pulse trains became unstable and a Q-switched mode-locked laser could be observed.
Under the high pump power, the decrease of thermal focal length made the oscillation mode distribution change seriously in a fixed cavity. As shown in Fig. 3 , we calculated the intracavity laser radius from M1 to SESAM under the absorbed pump power of 3.2, 4.1, 5.3, and 9.0 W, corresponding to thermal focal length of 10, 8, 6, and 3.5 cm, respectively. And the inset Figs. 3(a) and 3(b) were enlarged figures of two parts surrounded by green boxes. It indicates that with the decrease of thermal focal length, the laser radius in Nd:LaGGG would increase and that on SESAM would decrease. That is to say, the decrease of laser radius on SESAM combined with increased high power makes the fluence density exceed the saturation flux density of the SESAM. On the other hand, with the increase of laser radius in the Nd:LaGGG crystal, the mode distribution of the pump light and oscillation laser mode in Nd:LaGGG were not matched perfectly. Both of the two reasons could make the mode-locking operation unstable under high pump power. Even more serious, when thermal focal length was below a certain value, the cavity that we designed could not meet the condition of a stable resonator. And as a result, the mode-locking laser would halt completely. Figure 4 shows the recorded pulse trains in the time span of 200 ns and 20 ms, respectively, which were measured at the maximum average output power of 3.18 W. It can be seen that the pulse train had a good pulse shape in the short time span and good stability in the long time span. And the pulse repetition rate was 59.8 MHz, which matched with the cavity round-trip time.
The pulse duration of the CW mode-locked pulses was measured with a commercial noncollinear autocorrelator (Pulse Check 150). Under the average output power of 3.18 W, we achieved a 12.78 ps pulse duration (by assuming a sech 2 profile), as shown in Fig. 5 , which was slightly narrower than that of the Nd:GGG mode-locked laser in 1.0 μm [14] . Figure 6 shows the corresponding spectrum centered at 1062.4 nm with a FWHM of 0.13 nm. Under this spectrum FWHM, we calculated that the timebandwidth product of the mode-locked laser was 0.442, which was 1.4 times that of the transformlimited value (0.315) for a sech 2 -shaped pulse. So we propose that the pulse duration could be further suppressed if an intracavity dispersion compensation device was used. Figure 7 shows the radio frequency (RF) spectrum of the first beat centered with a corresponding signal-to-noise ratio of ∼59.3 dB. The inset of Fig. 7 shows the RF spectra recorded on a wide-span of 800 MHz and the clearness implies good modelocking stability.
Conclusion
In conclusion, we have experimentally demonstrated a diode-pumped passively CWML Nd:LaGGG laser with a SESAM for the first time, to our best knowledge. The maximum output power of 3.18 W was obtained, corresponding to single pulse energy of 53.2 nJ and peak power of 4.2 kW. As far as we know, this is the best watt-level power performance in present reports about passively mode-locked lasers with Nd 3 -doped disordered garnet crystals. The optical spectrum and autocorrelation trace were studied intensively, where the pulse duration was 12.78 ps at a central wavelength of 1062.4 nm.
In addition, we studied the effects of the thermal focal length on laser mode distribution numerically and that was helpful for the research of a stable mode-locking laser. 
